Abstract: Functional electrical stimulation (FES) can restore motor function in individuals with spinal cord injury (SCI). Neuroprostheses based on FES apply electric stimuli to induce muscle contractions and the corresponding joint movements. The goal of this study was to design a novel FES controller, and the attention is focused on the feedback control of the knee-joint movements induced by electrical stimulation of the quadriceps muscle group. Ant colony optimization algorithm is employed to modulate the proportional, integral and derivative values of PID controller. The promising results showed the ACO-PID controller functioned as expected and performed better than the GA-PID controller. This method for a knee-joint movement resulted in decrease of the tracking error and shortened delay in the response, which may be applied in walking-assisted FES.
Introduction
The spinal cord acts as the main pathway for information connecting the brain and peripheral nervous system, but it cannot currently be repaired even by modern medical technology as it lacks of capability of self-regeneration. The restoration of walking function following severe paralysis due to spinal cord injury (SCI) is of importance to both clinicians and patients [1] . Functional Electrical Stimulation (FES) can provide the missing electrical stimuli in order to induce muscle contraction and the corresponding joint movement, which is an advancing technology for restoring paralyzed motor functions caused by a SCI [2] . One important research subject on FES is the development of adequate controllers for generating appropriate electrical stimulation patterns, which is necessary to induce functional movements. In the last decade, neural networks have been incorporated into the control schemes as they are able to learn complex nonlinear mapping. Moreover, fuzzy logic method and the feedback error learning scheme have been modified and applied for FES controllers. Several groups have recently developed and tested some modern control approaches to control lower extremity movement in paraplegia. Their application yielded better tracking performance than the open-loop controlled FES devices, but still did not achieve very good performance for both tracking accuracy and response time and unable to guarantee stability.
The goal of this study was to address the closed-loop FES control design for the realization of effective neuroprostheses for the lower extremities. In particular, the attention is focused on the feedback control of the knee-joint movements induced by electrical stimulation of the quadriceps muscle group. Ant colony optimization algorithm (ACO) was employed to modulate the proportional, integral and derivative values of PID controller separately and its performances was evaluated．
Methods

A.
Experimental protocol Twelve healthy subjects, six males and six females, participated in this experiment. All experiments were carried out subjected to the regulations and approval of the appropriate Institutional Review Board, and after obtaining informed consent. In this study, the subjects sat on the platform with relaxed calf and the knee extensors (quadriceps muscle group) were stimulated by a pair of surface electrodes (Sigmedics, US). The cathode was placed on the motor point of rectus femora's and the anode was placed distally at the quadriceps tendon. The knee joint angle was controlled by changing the amplitude of the stimulation pulse. The NAXMAX muscle model was applied in this study. B.
ACO tuning PID PID controller attempts to minimize the error between a measured variable and a desired setpoint through close loop feedback using the proportional, integral and derivative mechanism. The discrete-form of the PID algorithm, with input ) (k e and output ) (k u is given as
where, p K is the proportional value;
is the derivative value; ) (k e is the difference between desired and measured output. ACO includes two basic stages: adaptive stage and cooperation stage. At the adaptive stage, every candidate solution will adjust structures themselves based on accumulated pheromone. The more ants pass through the way, the more pheromone, then this path will be chosen easily; whereas the pheromone will be smaller if the time last too long. At the cooperation stage, all the can date solutions expect a better solution through the information communication [4] . There are three parameters about PID controller need to be determined, and the issues about the parameter tuning is to determine the best combination of p K , i T and d T , which can make some performance index best in control system.
Results
The step response from GA-PID controller and ACO-PID controller was compared with the sampling period of 1-ms. With a particular joint angle preset as input signal, the rising interval of signal changing from a specified low value (i.e., 10% of the height value) to a specified high (i.e., 90% of the height value) value was 0.521 and 0.777 for GA-PID controller and GA-PID, respectively. Note that the ACO-PID controller has the better performance on robustness, time efficiency, and overshoot restriction. The tracing results of the knee joint position by GA-PID controller and ACO-PID from twelve subjects were also compared. It showed clearly that the presented algorithm significantly reduced the error rate and improved the performance of PID to control the knee joint position dramatically with strong robustness Relevant parameters of PID controller were controlled by ant colony optimization (ACO) algorithm to accurately control the current modes of FES system. According to the simulation results, the error between the preinstalled angle and the feedback signal was less than 5.6° with root-mean-square error (RMS error) at 3.7° and correlation coefficient at 0.97. As displayed in Fig. 1 , with two experimental controllers and the muscle model, the max absolute errors are less than 10°, verifying that the stimulation current mode control of FES is more reliable with the PID parameters optimized by ACO.
Discussion
The presented study proposed a FES-PID system modulated by ACO control knee joint position during quadriceps stimulation to solve the problem of control for FES in paraplegic patients. Our results showed that FES-PID system modulated by ACO was superior to GA to make the knee joint angle track the preset-trajectory. Theoretical analysis and simulation examples also demonstrated that parameters optimization strategy design of PID controller based on ant colony algorithms is effective and feasible. It does not rely on the accurate mathematical models, but could effectively overcome the complex optimization problems. Therefore, a PID controller based on ACO is an effective approach to improve the performance of the FES system. With the effective controller, ant algorithm converges on the optimization path through information pheromone accumulation and renewal. It has the ability of parallel processing and global searching. With low speed for ant colony optimization algorithm, there is little information pheromone on the path early. Recently, a new hybrid algorithm combining ant colony system (ACS) with genetic algorithm (GA) was proposed. The proposed algorithm adds GA to ACS' every generation. Making use of GA's advantage of whole efficient convergence, ACS' convergence speed would be improved. It would be of great application to modulate FES-PID system modulated ACO and GA algorithm to control knee joint position during quadriceps stimulation. Meanwhile, further work to assess such control system on other trajectories or other joints should be done to get more accurate evaluation. Extension of the controller and the experimental setup for controlling multiple and multiple joint movements would be the main concerns in the following study. Considering the real application, evaluation of the controller with actual patients is necessary as well.
